Introduction
============

During exercise, elevation of core body temperature (CBT) results from an imbalance between heat production and dissipation, since heat production increases exponentially before the mechanisms of heat dissipation are activated.^[@r1],[@r2]^ Hyperthermia may be a sign that individuals will reach fatigue and interrupt exercise, and hence an adequate control of the CBT is critical for maintenance of physical performance.^[@r3]^

Arterial hypertension is a public health problem in the world and considered one of the main risk factors for cardiovascular diseases.^[@r4]^ Among the experimental models used in studies on the pathophysiology of arterial hypertension, the spontaneously hypertensive rats (SHR) is the most commonly used. Similar to humans, SHR develop progressive left ventricular hypertension in response to blood pressure elevation and to increased peripheral vascular resistance.^[@r5],[@r6]^

In recent studies of our group, we observed that untrained SHR showed disturbances in the regulation of body temperature during acute physical exercise. During exercise, hypertensive animals showed lower heat dissipation and higher heat production, leading to marked increase in CBT compared with normotensive animals.^[@r7],[@r8]^ This was associated with lower mechanical efficiency (ME) in hypertensive animals.^[@r7]^

Several benefits of aerobic physical training have been demonstrated in hypertensive individuals, including reduction of blood pressure, improvement of cardiac function, and reduction in total peripheral resistance.^[@r9],[@r10]^ However, the effects of low-intensity, aerobic physical training on thermal balance in hypertensive animals have not been investigated.

Thus, the present study aimed to evaluate the effects of low-intensity physical training on thermal balance of hypertensive rats subjected to an acute physical exercise protocol. We tested the hypothesis that low-intensity exercise could promote positive adaptations and reversal of the effects on the thermal balance in SHRs.

Methods
=======

Experimental animals
--------------------

Sixteen-week-old normotensive Wistar rats and SHR were randomly stratified into four groups: control Wistar rats (C-WIS, n = 8), trained Wistar (T-WIS, n = 8), control SHR (C-SHR, n = 8) and trained SHR (T-SHR, n =8). Sample size was determined based on sample size calculation.^[@r11]^ The animals were housed in group cages in a temperature-controlled room under a 12-h light-dark cycle, and had free access to water and food. Systolic blood pressure (SBP), diastolic blood pressure (DPB) and mean blood pressure (MBP) were measured using tail plethysmography (LE5001; Panlab, Spain). Resting heart rate (RHR) was measured through the sensor placed on the tail, connected to a computer system (PowerLab 4/30; LabChart/ADInstruments, USA) before the first and 48 hours after the last session of physical training. All exercise protocols were approved by the Ethics Committee of Universidade Federal de Viçosa (Protocol \# 76/2014) and conducted according to the Helsinki declaration.

Physical training protocol
--------------------------

Prior to the beginning of exercise training, rats were adapted to a motorized treadmill (Insight Instruments, Brazil), five minutes/day at 5 m/min for five days. In addition, all animals underwent an incremental exercise test (starting at 5 m/min, increasing by 3 m/min every 3 minutes until fatigue) at the beginning of the study, at week 4 and at week 8 of training to determine total exercise time (TET) and maximum running speed (MRS). The exercise program was performed five days a week, 60 minutes/day, at 50-60% MRS for 12 weeks, in a temperature-controlled room (approximately 22ºC). Both intensity and duration of exercise were gradually increased as proposed by Lavorato et al.^[@r12]^ Animals of the control group were handled in the same manner as the hypertensive group and underwent the same treadmill exercise program two days a week, 5 minutes/day at 5 m/minute.^[@r12]^

Experimental protocol following the physical training
-----------------------------------------------------

### Familiarization with the experimental protocol

The animals were familiarized with the treadmill (Panlab, Harvard Apparatus, Spain) - five minutes per day, 5 degrees of inclination for three consecutive days, at 11 m/min, 13 m/min and 15 m/min). A thermocouple was taped to the tail of the rat and the electrical stimulation delivered at 0.4 - 0.6 mA.^[@r7]^ This protected the animals from having their legs wrapped around the thermocouple wire and reduced their exposure to electrical stimulation during the running test.^[@r13]^

### Temperature sensor implantation

Immediately prior to the surgery, the animals received a prophylactic dose of antibiotic (enrofloxacin 10 mg. kg-1, intramuscular) and analgesics (tramadol, 4 mg.kg^-1^, subcutaneously). Anesthesia was induced with 1.5% isoflurane (BioChimico, Brazil) and 100% oxygen (White-Martins, Brazil) at constant flow of 1L/min. Following preparation of the incision site, a temperature sensor (G2 E-Mitter, Mini-Mitter, USA) was implanted in the abdominal cavity.^[@r14]^ After this procedure, the animals were housed in individual boxes and received two additional doses of tramadol in regular intervals of 8 hours.

### Acute physical exercise protocol

After 48 hours of recovery from the surgery, each animal underwent to two exercise sessions at constant speed (60% of MRS), 5º slope and electrical stimulation (0.4-0.6 mA) until fatigue. Treadmill speed was 16.0 ± 0.4 m/min; 23.0 ± 0.7 m/min; 16.2 ± 0.5 m/min; 19.6 ± 0.8 m/min for C-WIS, T-WIS, C-SHR and T-SHR, respectively. Fatigue was defined as the point when the animals were unable to keep pace with the treadmill. The animals received electrical stimulation up to ten seconds.^[@r15]^ The experimental conditions were randomized and balanced. All exercise sessions were carried out from 7 to 12 o'clock, with 48-hour interval between the sessions.

During each session, CBT, skin temperature (T~skin~) and VO~2~ were recorded every minute. Measurements of the CBT were made by telemetry (ER-4000 energizer/receptor, Mini-Mitter Respironics, USA). T~skin~ was measured using a thermometer (THR-140, Instrutherm Instruments, Brazil) connected to a thermocouple (S-09K, Instrutherm Instruments, Brazil) using an impermeable adhesive tape at approximately 20 mm from the lateral base of the tail.^[@r16]^ VO~2~ (ml.Kg^-0.75^.min^-1^) was measured by an open-circuit indirect calorimetry system (Panlab, Harvard Apparatus, Spain). The temperature was maintained at 25ºC throughout the exercise session.

### Calculations

Work (W) = body mass (Kg)·force of gravity (9.8 m/s^2^) ·TET (min)·treadmill speed (m.min^-1^)·cos θ (treadmill slope).^[@r17]^ ME = (W/energy cost)·100.^[@r7]^

The threshold for cutaneous heat loss was defined as the mean CBT registered at the time when T~skin~ significantly increased from the lowest measure registered during exercise.^[@r8]^

Heat loss sensitivity was calculated from the regression slope of CBT and T~skin~ during the first four minutes after the threshold was achieved.^[@r8]^ Heat accumulation (HA) = (ΔCBT)·body mass (g)·h, where ΔCBT corresponded to variation of CBT (T~final~-T~initial~), and h corresponds to specific heat of body tissues (0.826 cal.g^-1^.ºC^-1^).^[@r18]^ HA was normalized by 100 g of body mass. The HA/W ratio (cal.j^-1^) was considered an index of thermal efficiency.

Statistical analysis
--------------------

Data normality was tested using the Shapiro-Wilk test. Normally distributed variables were expressed as mean ± SD. CBT, T~skin~ and VO~2~ were compared using the two-way ANOVA followed by post-hoc analysis with t-test (LSD, Least Significant Difference) or the Scott Knott test, as appropriate. TET, E, ME, SBP, diastolic blood pressure (DBP), MBP and RHR were analyzed by two-way ANOVA followed by Tukey's post-hoc test. Paired t-test was used to assess the effects of low-intensity exercise on body mass, SBP, DBP, MBP and RHR. The level of significance was set at 5%. All statistical analyses were performed using the Sisvar software, version 5.6 (Brazil).

Results
=======

The effects of physical training on body mass, SBP, DBP, MBP, RHR and TET are described in [Table 1](#t1){ref-type="table"}. Body mass increased in all groups after 12 weeks of training. Lower body mass and higher SBP, DBP, MBP and RHR were observed in SHRs compared with Wistar rats. After the exercise program, RHR was significantly lower in Wistar rats, which was not observed in SHRs. Besides, the low-intensity physical training significantly reduced SBP (12%), DBP (18%) and MBP (12%) in T-SHR, whereas the SBP increased in C-SHR after 12 weeks. The exercise training increased physical performance in both Wistar and SHR groups. Also, T-SHR showed lower physical capacity compared with T-WIS.

###### 

General characteristics of the animals studied; data expressed as mean ± standard deviation

  Variable             C-WIS (n = 8)                                   T-WIS (n = 8)                                                                     C-SHR (n = 8)                                                                    T-SHR (n = 8)
  -------------------- ----------------------------------------------- --------------------------------------------------------------------------------- -------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------
  Initial BM (g)       390.0 ± 16.9                                    356.6 ± 23.7 ^[\#](#TFN3){ref-type="table-fn"}^                                   258.6 ± 14.7 ^[+](#TFN4){ref-type="table-fn"}^                                   271.3 ± 13.5 ^[+](#TFN4){ref-type="table-fn"}^
  Final BM (g)         462.6 ± 15.8 [\*](#TFN2){ref-type="table-fn"}   421.0 ± 35.9 [\*](#TFN2){ref-type="table-fn"}^[\#](#TFN3){ref-type="table-fn"}^   326.5 ± 20.9 [\*](#TFN2){ref-type="table-fn"}^[+](#TFN4){ref-type="table-fn"}^   309.1 ± 24.6 [\*](#TFN2){ref-type="table-fn"}^[+](#TFN4){ref-type="table-fn"}^
  Initial SBP (mmHg)   132.2 ± 9.8                                     123.7 ± 7.6                                                                       172.5 ± 14.9 ^[+](#TFN4){ref-type="table-fn"}^                                   189.7 ± 9.6 ^[\#](#TFN3){ref-type="table-fn"}[+](#TFN4){ref-type="table-fn"}^
  Final SBP (mmHg)     129.6 ± 7.6                                     127.8 ± 8.7                                                                       190.0 ± 8.4 [\*](#TFN2){ref-type="table-fn"}^[+](#TFN4){ref-type="table-fn"}^    167.3 ± 16.6 [\*](#TFN2){ref-type="table-fn"}^[\#](#TFN3){ref-type="table-fn"}[+](#TFN4){ref-type="table-fn"}^
  Initial DBP (mmHg)   84.0 ± 13.2                                     90.0 ± 13.2                                                                       135.5 ± 18.1 ^[+](#TFN4){ref-type="table-fn"}^                                   143.3 ± 17.8 ^[+](#TFN4){ref-type="table-fn"}^
  Final DBP (mmHg)     90.3 ± 7.9                                      98.5 ± 14.1                                                                       144.5 ± 18.6 ^[+](#TFN4){ref-type="table-fn"}^                                   117.3 ± 28.0 [\*](#TFN2){ref-type="table-fn"}^[\#](#TFN3){ref-type="table-fn"}[+](#TFN4){ref-type="table-fn"}^
  Initial MBP (mmHg)   100.3 ± 10.7                                    100.8 ± 10.7                                                                      147.6 ± 16.1 ^[+](#TFN4){ref-type="table-fn"}^                                   157.7 ± 14.9 ^[\#](#TFN3){ref-type="table-fn"}[+](#TFN4){ref-type="table-fn"}^
  Final MBP (mmHg)     104.0 ± 7.3                                     107.2 ± 13.2                                                                      158.6 ± 12.1 ^[+](#TFN4){ref-type="table-fn"}^                                   133.1 ± 22.6 [\*](#TFN2){ref-type="table-fn"}^[\#](#TFN3){ref-type="table-fn"}[+](#TFN4){ref-type="table-fn"}^
  Initial RHR (bpm)    338.7 ± 19.5                                    340.2 ± 12.1                                                                      374.2 ± 11.0 ^[+](#TFN4){ref-type="table-fn"}^                                   370.1 ± 12.4 ^[+](#TFN4){ref-type="table-fn"}^
  Final RHR (bpm)      337.5 ± 10.7                                    311.7 ± 12.1 [\*](#TFN2){ref-type="table-fn"}^[\#](#TFN3){ref-type="table-fn"}^   374.2 ± 16.4 ^[+](#TFN4){ref-type="table-fn"}^                                   365.7 ± 18.6 ^[+](#TFN4){ref-type="table-fn"}^
  TET (min)            21.9 ± 1.9                                      34.8 ± 4.2 ^[\#](#TFN3){ref-type="table-fn"}^                                     23.4 ± 2.5                                                                       28.4 ± 3.6 ^[\#](#TFN3){ref-type="table-fn"}[+](#TFN4){ref-type="table-fn"}^

C-WIS: control Wistar; T-WIS: trained Wistar, C-SHR: control SHR, T-SHR: trained SHR. BM: body mass; SBP: systolic blood pressure; DBP: diastolic blood pressure; MBP: mean blood pressure; RHR: resting heart rate; TET: total exercise time at week 8 of the incremental test.

p \< 0.05: initial vs. final.

p \< 0.05: trained vs. controls within same lineage;

p \< 0.05: WIS vs. SHR at the same training level

The effects of acute exercise (at 60% of RMS) on CBT, VO~2~ and T~skin~ are described in [Figure 1](#f1){ref-type="fig"}. Hypertension and physical training had no effect on CBT during moderate exercise ([Figure 1A](#f1){ref-type="fig"}). The T-WIS group showed higher VO~2~ (from 6 minutes to 16 minutes, and at the point of fatigue; [Figure 1B](#f1){ref-type="fig"}) and T~skin~ (from 14 minutes to 18 minutes, and at the point of fatigue; [Figure 1 C](#f1){ref-type="fig"}) compared with the WIS-C. The C-SHR group showed higher T~skin~ than the C-WIS (from 13 minutes to 17 minutes; [Figure 1C](#f1){ref-type="fig"}). Low-intensity training had no effect on T~skin~ or VO~2~ in SHR during moderate exercise. In addition, a lower T~skin~ was found in the T-SHR group at the point of fatigue compared with the T-WIS ([Figure 1C](#f1){ref-type="fig"}).

Figure 1Internal body temperature (CBT, A), oxygen consumption (VO~2~, B) and tail skin temperature (T~skin~, C) during acute exercise, until fatigue. Control Wistar (C-WIS), trained Wistar (T-WIS), control SHR (C-SHR), trained SHR (T-SHR). Data expressed as mean ± SD; \* p \< 0.05: C-SHR vs. C-WIS; \# p \< 0.05: T-WIS vs. C-WIS; + p \< 0.05: T-SHR vs. T-WIS.

[Figure 2](#f2){ref-type="fig"} shows the threshold and sensitivity of heat dissipation during acute exercise. These parameters did not change with hypertension or low-intensity physical training.

Figure 2Heat dissipation threshold (ºC) (A) and sensitivity (B) during the acute physical exercise protocol. Data expressed as mean ± SD. C-WIS: control Wistar, T-WIS: trained Wistar, C-SHR: control SHR, T-SHR: trained SHR.

In addition, neither hypertension nor physical training affected W during acute exercise ([Figure 3A](#f3){ref-type="fig"}). Hypertensive animals showed lower ME compared with normotensive animals, both in control and trained groups ([Figure 3B](#f3){ref-type="fig"}). Also, physical training had no effect on ME in both Wistar and SHR ([Figure 3B](#f3){ref-type="fig"}).

Figure 3Work (W, A) and mechanical efficiency (ME, B) during the acute physical exercise protocol. Data expressed as mean ± SD; \* p \< 0.05: C-SHR vs. C-WIS; + p \< 0.05: T-SHR vs. T-WIS. C-WIS: control Wistar, T-WIS: trained Wistar, C-SHR: control SHR, T-SHR: trained SHR.

Results of HA and HA/W ratio are illustrated in [Figure 4](#f4){ref-type="fig"}. The T-WIS group showed higher HA than the C-WIS ([Figure 4A](#f4){ref-type="fig"}), and the T-SHR had lower HA compared with T-WIS ([Figure 4A](#f4){ref-type="fig"}). However, when HA was corrected for W, no difference was found in the effects of SAH and physical training ([Figure 4B](#f4){ref-type="fig"}).

Figure 4Heat accumulation (HA, A) and heat accumulation/work ratio (HA/W, B). Data expressed as mean ± SD; \# p \< 0.05: T-WIS vs. C-WIS. + p \< 0.05: T-SHR vs. T-WIS, C-WIS: control Wistar, T-WIS: trained Wistar, C-SHR: control SHR, T-SHR: trained SHR.

Discussion
==========

The present study aimed to evaluate the effects of low-intensity physical training on thermal balance in hypertensive rats subjected to an acute exercise program. We tested the hypothesis that low-intensity training could promote positive adaptations and ultimately reversal of the changes in the thermal balance of SHRs. For this purpose, we evaluated CBT, heat production and heat dissipation in response to exercise. Altogether, our results showed that low-intensity physical training did not cause significant changes in the variables related to thermal balance, and thus, our hypothesis was rejected.

Thermal balance results from the relationship between heat production and dissipation,^[@r18]^ resulting in the CBT regulation within satisfactory limits. During acute physical exercise, heat production occurs before heat dissipation, and consequently CBT increases more rapidly than dissipation.^[@r19]^ This dynamics was observed in the present study ([Figure 1](#f1){ref-type="fig"}) for the thermal balance variables in all experimental groups, *i.e*., for heat production (VO~2~), heat dissipation (T~skin~) and resulting outcome (CBT). Throughout the exercise session, the CBT threshold for heat dissipation is achieved and the thermoeffector response of heat dissipation occurs, measured by vasodilation in the tail skin. These adaptations allow achievement of thermal balance and regulation of CBT within adequate limits,^[@r20]^ which was also observed in our study. An important adjustment, commonly reported in the literature, that confirms this pattern of response is the absence of vasodilation, and even occurrence of vasoconstriction, in the animals' tails in the beginning of exercise^[@r19]^ ([Figure 1C](#f1){ref-type="fig"}).

Although recent studies of our group have shown that untrained SHR show disturbances in the regulation of body temperature during acute exercise, findings of the present study do not confirm the hypothesis that these thermal balance changes could be reversed by low-intensity aerobic physical training. In these previous studies, untrained SHR showed higher CBT during constant-intensity acute exercise (60% MRS) associated with higher heat production and dissipation.^[@r7],[@r8]^ It is worth pointing out that the age of the animals and the absolute running speed during the acute exercise protocol were different among these studies, which could explain this difference. Future studies should test other exercise intensities and duration, since the effects of training are known to be dependent on these variables.^[@r21]^

In the present study, the intensity of acute physical exercise (60% of MRS) was established according to the American College of Sports Medicine recommendations.^[@r22]^ It is of note that, during the acute exercise session, although the animals were subjected to the same relative exercise intensity, the absolute speed was higher in trained animals. Gant et al.^[@r23]^ analyzed the relationship between CBT and relative exercise intensity. Although the authors did not observe differences in CBT between groups of animals with different VO~2max~ throughout one hour of exercise at 60% of VO~2max~, when subjected to exercise at similar absolute intensity, these groups showed different CBT between them. These data suggest that the magnitude of hyperthermia may be associated with the absolute exercise load, regardless of the training status. In the present study, the T-WIS group showed greater heat production compared with the C-WIS group. This may be due to the higher intensity of exercise, which was counterbalanced by higher heat dissipation, resulting in comparable CBT values in relation to the C-WIS group.

Low-intensity physical exercise increased physical capacity in SHR and reduced blood pressure, without promoting resting bradycardia. The mechanisms responsible for the reduction of blood pressure levels in hypertensive rats following aerobic physical training include structural, vascular and neurohumoral adaptations, such as reduction in sympathetic vasomotor activity,^[@r24],[@r25]^ lower vascular reactivity,^[@r26]^ reduction in peripheral vascular resistance,^[@r27],[@r28]^ reduction of oxidative stress,^[@r29]^ and changes in the endothelium-derived relaxing and contractile factors.^[@r30]^

Hypertensive animals showed lower ME compared with normotensive animals, as previously described.^[@r7]^ This could be explained, at least in part, by the higher proportion of type IIA fibers to type I fibers in the soleus muscle, as type I fibers are inherently more efficient than type IIA fibers.^[@r31]^ The physiological mechanisms responsible for the change of the muscle fiber profile may be associated with microcirculation rarefaction that precedes microvascular apoptosis, which would result in reduction of type I muscle fibers and augmented muscle anaerobiosis.^[@r31]^ However, the lower ME did not compromised work performance in the SHR group during acute physical exercise. Low-intensity exercise did not increase ME, neither in normotensive nor in hypertensive rats.

The present study has some limitations. It is possible that the difference in body mass between hypertensive and normotensive animals may have influenced the changes in CBT induced by exercise, since the energy cost of running and heat dissipation from the skin depend on body mass.^[@r32]^ Nevertheless, this limitation is somewhat expected when both normotensive animals and SHR are studied, especially when they are matched by age.^[@r7],[@r8],[@r10]^ On the other hand, Drummond et al.^[@r8]^ demonstrated that differences in the thermoregulation between normotensive animals and SHR during acute exercise were not dependent on variations of body mass. These differences could also affect the ability of the animals to be trained, since they could be associated with differences in body composition, and consequently in differences in physical capacity. Finally, we cannot affirm that the results would have been the same if physical training had been started before a SBP higher than 150 mmHg was achieved by the SHR, or if animals of different ages were studied.

Conclusion
==========

Low-intensity physical training did not affect thermal balance in hypertensive rats subjected to an acute exercise protocol.
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